The present survey concentrates on pharmacodynamics and pharmacokinetics of selected β-adrenergic blockers from the point of view of their stereochemistry. It could be shown that the activity in the arylaminoethanol and aryloxyaminopropanol group of β-blockers is higher in their (-)-enantiomers as compared with the (+)-enantiomers. The stereoisomers differ also in other types of bioactivity as well as in toxicity. The particular pharmacokinetic stages such as resorption, distribution, and metabolism are discussed in regard to their stereochemistry.
Introduction
β-blockers have been used as drugs for more than 50 years in the therapy of several diseases of the cardiovascular system [1] as well as in other disorders connected with an increase in sympathetic tone, such as glaucoma [2, 3] , anxiety [4] , thyrotoxicosis [5] , osteoporosis [6] , and migraine prophylaxis [7] . The study of this drug group is substantiated by high incidence rate of cardiovascular diseases [8] , such as ischemic heart disease, hypertension [9] [10] [11] [12] , heart arrhythmia, hypertrophic cardiomyopathy [13] , and heart failure [8, 14] , all of which have been brought into connection with β-adrenergic receptors. These disorders are among the main mortality causes and at present affect increasingly younger fractions of population.
The particular β-blockers differ in the extent of preferential binding to β 1 -adrenergic receptors, that is, in their cardioselectivity, the extent of antagonist activity toward β-receptors, pharmacokinetic properties, and the presence or absence of intrinsic sympathomimetic activity (ISA). These properties further determine the differences in side effects and potential contraindications. β-blockers may be classified according to their pharmacodynamics, pharmacokinetics or duration of action [15] . They are usually categorized into following groups:
A. Cardioselective β-adrenolytics without ISA.
They affect mainly β 1 -receptors, while β 2 -receptors are blocked only at higher doses. The examples include atenolol, betaxolol, bisoprolol, esmolol, metoprolol, and nebivolol.
B. Cardioselective β-adrenolytics with ISA.
Because of their agonist activity they are sometimes called β-adrenolytics with vasodilatant effect. Typical members of this group are acebutolol and celiprolol. The understanding of the chiral aspects of β-blockers in connection with their pharmacodynamic and pharmacokinetic properties is essential for achieving the optimum therapeutic effect.
The differences in pharmacodynamic and pharmacokinetic properties of the optical antipodes are determined by their specific interactions with chiral biomolecules, such as proteins involved in the active membrane transport, blood plasma proteins, enzymes involved in metabolic processes, etc. A three-point model can be used for explanation of differences in the behavior of enantiomers regarding their interaction with the receptors. The more active stereoisomer forms three complementary binding interactions with the active site of the receptor while the less active stereoisomer is capable of forming only two binding interactions. The molecules of β-blockers generally utilize the aromatic ring, the amino and hydroxy groups to affect the binding to the receptor. To distinguish between the different pharmacological activities of the two enantiomers, The understanding of the chiral aspects of β-blockers in connection with their pharmacodynamic and pharmacokinetic properties is essential for achieving the optimum therapeutic effect.
The differences in pharmacodynamic and pharmacokinetic properties of the optical antipodes are determined by their specific interactions with chiral biomolecules, such as proteins involved in the active membrane transport, blood plasma proteins, enzymes involved in metabolic processes, etc. A three-point model can be used for explanation of differences in the behavior of enantiomers regarding their interaction with the receptors. The more active stereoisomer forms three complementary binding interactions with the active site of the receptor while the less active stereoisomer is capable of Appl. Sci. 2019, 9, 625 3 of 21 forming only two binding interactions. The molecules of β-blockers generally utilize the aromatic ring, the amino and hydroxy groups to affect the binding to the receptor. To distinguish between the different pharmacological activities of the two enantiomers, Lehmann and Ariens [19] [20] [21] applied the designation eutomer to the desirable, more active enantiomer, whereas the designation distomer applies to the less favorable enantiomer (in terms of activity and/or toxicity). This classification is related to a specific kind of bioactivity, thus a distomer may be considered a eutomer in different type of pharmacological application.
In the therapeutic practice the β-blockers have mostly been used in the form of their racemates, with the exception of penbutolol, timolol, atenolol, and levobunolol which are used as pure enantiomers [22] . To evaluate the impact of stereochemistry on the bioactivity of β-blockers, new techniques for obtaining enatiomerically pure isomers of these drugs are under development, such as stereoselective synthesis, chromatographic methods of enantioseparation, and other techniques [23] .
Interaction of β-Blockers With the Receptor Protein
The mechanism of activity of the particular enantiomers of β-blockers can be explained in terms of more effective binding of the more active stereoisomer to the receptor site under strictly defined stereochemical conditions. Crucial role in the binding to the receptor is played by specific functional groups present in the molecule of the blocker, in particular the amino and hydroxy groups, and substituted aromatic rings.
The β-receptor as a protein macromolecule consists of 388-477 amino acids, forming seven transmembrane helices with three intracellular and three extracellular loops. The amino acid residues provide for specific interactions with the molecules of β-blockers. Molecular models of propranolol suggest that the protonized amino group and the hydroxy group form hydrogen bonds with Asp113. The naphthalene moiety participates in hydrophobic interactions with Try109, Phe289, and Val292. The propan-2-yl (isopropyl) group of propranolol also provides hydrophobic interactions with Ile112, Pro288, and Cys285. In pindolol and carazolol the NH group present in the heterocyclic moiety (indole, carbazole) forms hydrogen bonds with Ser204 and Ser207, providing an explanation for their added ISA activity [24] .
The Arylaminoethanol Group of β-Blockers
β-blockers generally act as competitive agonists of catecholamines and block the excessive activity of the sympathomimetic system. The chemical structure of β-blockers belonging to this group is derived from the sympathomimetic isoprenaline. The first synthesized β-blockers were structural analogues of this compound, starting with dichloroisoprenaline [25] . Further derivatives include nifenalol [26, 27] and pronethalol, applied temporarily in clinical practice [28] .
Pronethalol
The (R)-(-)-enantiomer of pronethalol was 49 times more active than the (S)-(+)-form [29] . Antidysrhythmic activity in oubain-and adrenalin-induced arrhythmias was the same with racemic pronethalol and its (S)-(+)-isomer, while the (R)-(-)-isomer exhibited only low activity [30] . This indicates that the effect is non-specific.
Although pronethalol exerted marked pharmacodynamic effects, its clinical use was abandoned due to its carcinogenicity detected in mice [31] . In more recent literature, pure enantiomers of these substances have been prepared by stereoselective synthesis or preparative enantioseparation and studied separately [32, 33] . From the arylaminoethanol group of β-blockers, sotalol and labetalol are still in clinical use (Figure 2) .
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This antidysrhythmic of II. and III. class in the Vaughan-Williams classification is used to treat chamber arrhythmias. Its (R)-(−)-enantiomer is 14-50 times more efficient at blocking β-receptors than 
This antidysrhythmic of II. and III. class in the Vaughan-Williams classification is used to treat chamber arrhythmias. Its (R)-(-)-enantiomer is 14-50 times more efficient at blocking β-receptors than its racemic form, while its (S)-(+)-enantiomer is practically inactive. The antidysrhythmic activity based on the blockage of K channels was equal in both enantiomers, justifying the utilization of the (S)-(+)-enantiomer in this indication. Application of this isomer in patients with disruption of ventricular function and subsequent infarction has to be abandoned due to increased mortality in patients receiving (S)-(+)-sotalol [34] [35] [36] .
Labetalol
From the chemical point of view the substance is related to salicylamide, bearing in the basic part of the aminoethanol moiety 4-phenylbutan-2-yl group instead of branched groups such as propan-2-yl (isopropyl) or 2-methylpropan-2-yl (tert-butyl). Labetalol is thus capable of simultaneous blockage of α-and β-receptors. As a result of this combined adrenolytic activity, labetalol is used as a mixture of four stereoisomers for the indication of hypertension. Recent investigations substantiated the suitability of this drug also in controlling hypertensive crisis in patients with hypertensive disorders of pregnancy (HDP), similarly to hydralazine [37] .
In regard to the stereochemistry of the isomers of labetalol, the (SR)-isomer exerts α-lytic activity, whereas the (RR)-form blocks only β-receptors [38] . The (SS)-and (RS)-isomers are inactive. Despite exhibiting higher ISA activity in clinical tests, the usage of the pure (RR)-isomer (dilevalol) had to be discontinued due to occurrence of hepatitis during the therapy. Since in the racemic form of the drug no hepatotoxicity was encountered, the question remains whether the other enantiomer shows hepatoprotective properties. This clearly indicates that the employment of pure enantiomeric form of a drug is not always of advantage.
Bufuranol
In the group of heterocyclic analogues marked activity was exhibited by bufuranol, 2-(2-methylpropan-2-ylamino)-1-(7-ethyl-1-benzofuran-2-yl)ethanol, a non-selective β-blocker with intrinsic sympathomimetic effects. Higher activity was found in its (R)-(-)-isomer [39] [40] [41] [42] .
The Aryloxyaminopropanol Group of β-Blockers
In the course of further derivatization, remarkable results were achieved by introducing an oxymethylene bridge between the aromatic part and the aminoethanol side chain. These derivatives surpass the corresponding arylaminoethanol analogues by a factor of 10. Chiral aspects of this category have been studied more extensively than in the previous group of β-blockers.
Monocyclic Compounds
Substitution of the basic structure with various electron-donating or electron-withdrawing groups leads to quantitative as well as qualitative variations in the activity of β-blockers. It could be shown that 2-(ortho) and 3-(meta) substitution of the aromatic ring increases their activity, whereas para-substitution shifts the equilibrium towards higher inhibition of cardiovascular receptors.
Among the 3-(meta)substituted derivatives the most studied β-blocker was toliprolol, a derivative exhibiting high β-adrenolytic activity and only minor cardiodepressive effect. The derivatization in the basic part of the molecule yields bevantolol with increased cardioselectivity.
In the group of 2-(ortho)-substituted derivatives, allyl and allyloxy analogues were investigated in more detail [43] [44] [45] [46] [47] [48] . The (S)-(-)-enantiomer of the β-blocker oxprenolol is 35-times more active than its (R)-(+)-enantiomer while in alprenolol the ratio is 100 in favor of the (S)-(-)-isomer.
The (S)-(-)-form of moprolol, 1-(2-methoxyphenoxy)-3-(propan-2-ylamino)propan-2-ol, a β-blocker containing methoxyl group, showed marked β-blocking effect in experiments on Purkinje fibers while the (R)-(+)-isomer was inactive [49] .
Penbutolol ( Figure 3 ) was the first β-blocker applied in the clinic as enantiomerically pure (S)-(-)-isomer. It was 200 times more active in both in vitro and in vivo experiments than its (R)-(+)-enantiomer and five times more active than propranolol used as standard. Unlike the (R)-(+)-enantiomer, the laevo-rotating isomer exhibits intrinsic sympathomimetic activity (ISA) and antiarrhythmic effect based on the blockage of β-adrenergic receptors [50] . In the group of 4-(para-) substituted derivatives, metoprolol (methoxyethoxy group in position 4) found its way into therapeutic practice. The (S)-(−)-enantiomer of metoprolol exhibits preference towards β1-adrenergic receptors while the (R)-(+)-isomer as a non-selective β-blocker blocks equally β1 and β2 receptors [51, 52] .
Betaxolol
The (S)-(−)-form of betaxolol (levobetaxolol), a β-blocker devoid of intrinsic sympathomimetic activity with a cyclopropoxyethyl group (Figure 4) , was found to be efficient in reducing intraocular pressure in patients affected with primary open-angle glaucoma and ocular hypertension. Marked differences in the activity of different enantiomers were encountered also in atenolol, a carbamoylmethyl derivative used in the treatment of angina pectoris and in glaucoma [53] [54] [55] . 
Esmolol
This β-blocker ( Figure 5 ) with easily hydrolysable ester moiety is a cardioselective ultrashortacting β1-selective antagonist. The ester group present in the structure of esmolol undergoes rapid hydrolysis in blood, leading to quick onset of the pharmacological effect as well as its rapid abatement. Its metabolite, 3-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy]phenyl}propionic acid, has 400 times lower activity towards β1-receptors than esmolol [56] . Due to its rapid activity onset it is applied as racemate in life-threatening situations such as sudden cardiac arrest. It finds further use In the group of 4-(para-) substituted derivatives, metoprolol (methoxyethoxy group in position 4) found its way into therapeutic practice. The (S)-(-)-enantiomer of metoprolol exhibits preference towards β 1 -adrenergic receptors while the (R)-(+)-isomer as a non-selective β-blocker blocks equally β 1 and β 2 receptors [51, 52] .
Betaxolol
The (S)-(-)-form of betaxolol (levobetaxolol), a β-blocker devoid of intrinsic sympathomimetic activity with a cyclopropoxyethyl group (Figure 4) , was found to be efficient in reducing intraocular pressure in patients affected with primary open-angle glaucoma and ocular hypertension. Marked differences in the activity of different enantiomers were encountered also in atenolol, a carbamoylmethyl derivative used in the treatment of angina pectoris and in glaucoma [53] [54] [55] . In the group of 4-(para-) substituted derivatives, metoprolol (methoxyethoxy group in position 4) found its way into therapeutic practice. The (S)-(−)-enantiomer of metoprolol exhibits preference towards β1-adrenergic receptors while the (R)-(+)-isomer as a non-selective β-blocker blocks equally β1 and β2 receptors [51, 52] .
Esmolol
This β-blocker ( Figure 5 ) with easily hydrolysable ester moiety is a cardioselective ultrashortacting β1-selective antagonist. The ester group present in the structure of esmolol undergoes rapid hydrolysis in blood, leading to quick onset of the pharmacological effect as well as its rapid abatement. Its metabolite, 3-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy]phenyl}propionic acid, has 400 times lower activity towards β1-receptors than esmolol [56] . Due to its rapid activity onset it is 
This β-blocker ( Figure 5 ) with easily hydrolysable ester moiety is a cardioselective ultrashort-acting β 1 -selective antagonist. The ester group present in the structure of esmolol undergoes rapid hydrolysis in blood, leading to quick onset of the pharmacological effect as well as its rapid abatement. Its metabolite, 3-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy]phenyl}propionic acid, has 400 times lower activity towards β 1 -receptors than esmolol [56] . Due to its rapid activity onset it is applied as racemate in life-threatening situations such as sudden cardiac arrest. It finds further use in the therapy of ventricular and supraventricular arrhythmias [57, 58] . The results of a study [59] suggest that the antiarrhythmic activity is connected to the inhibitory effect of sodium ions. It could be shown that the blocking activity resides with the (S)-(-)-enantiomer, whereas the (R)-(+)-isomer was found to be inactive. In studies with radioactive tracers esmolol exhibited 34 times higher activity towards β 1 -receptors in comparison to β 2 -receptors. 
Monocyclic Derivatives with Several Substituents
In an effort to combine positive effects of substitution in 2-(ortho) and 4-(para) positions, a number of new β-blockers with a high index of pharmacological activity were developed. Different activities of the respective enantiomers were observed in structurally related drugs acebutolol and celiprolol.
Celiprolol, 3-{3-acetyl-4-[3-(2-methylpropan-2-ylamino)-2-hydroxypropoxy]phenyl}-1, 1-diethylurea, a third-generation β-blocker, exhibits intrinsic vasodilatory activity based on the stimulation of β2-adrenergic receptors. Much higher antiisoprenaline activity was observed in guinea pigs using (S)-(−)-isomer as compared to (R)-(+)-isomer and the racemic mixture [62] .
Bicyclic Derivatives
Several reports suggest the feasibility of the attachment of another ring to the benzene ring without considerably affecting the β-adrenolytic activity.
Propranolol
The (S)-(−)-isomer of propranolol, a well-established β-blocker ( Figure 6 ), is 60 to 100 times more active than the (R)-(+)-form [63] [64] [65] . The importance of suitable steric configuration for the β-adrenolytic activity is corroborated also by the experimental finding that N-(3-naphthyloxypropyl)-N-propan-2-ylamine containing no stereogenic centers in its molecule exerts approximately the same activity in isoprenaline-induced tachycardia as the less active isomer of propranolol. Interestingly, different results could be observed depending on the type of arrhythmia. The antiarhythmic antioubain activities of racemic propranolol and its (+)-isomer were equal, whereas the (−)-form had only weak effects. In halothane/adrenalin-induced arrhythmias the antidisrhythmic effect of racemic propranolol was the same as that of its (−)-isomer, whereas its (+)-isomer was nearly 10 times less active. These results support the view that in the former case potentiating of the antidisrhythmic effects was connected to the membrane-stabilizing properties of the (R)-(+)-isomer while in the latter case the activity might possibly be based on the inhibition of adrenergic hyperactivity. In the work [60] stereoselective hydrolysis of esmolol in vitro and in vivo was studied. Dog and rat blood esterases hydrolyzed the (-)-enantiomer of esmolol faster than the (+)-enantiomer while rhesus monkey, rabbit, and guinea pig blood esterases hydrolyzed the (+)-enantiomer more rapidly. Human blood esterases did not demonstrate stereoselectivity. Dog liver esterases also showed stereoselectivity towards the (-)-enantiomer but dog skeletal muscle esterases did not.
In the study [61] the stereoselective pharmacokinetics of enantiomers was compared after a single intravenous administration of 14 C-esmolol hydrochloride to dogs. The findings suggest that pharmacokinetics of the particular enantiomers differs slightly in dog, whereas there are no stereoselective differences in human blood kinetics.
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The (S)-(-)-isomer of propranolol, a well-established β-blocker (Figure 6) , is 60 to 100 times more active than the (R)-(+)-form [63] [64] [65] . The importance of suitable steric configuration for the β-adrenolytic activity is corroborated also by the experimental finding that N-(3-naphthyloxypropyl)-Npropan-2-ylamine containing no stereogenic centers in its molecule exerts approximately the same activity in isoprenaline-induced tachycardia as the less active isomer of propranolol. Interestingly, different results could be observed depending on the type of arrhythmia. The antiarhythmic anti-oubain activities of racemic propranolol and its (+)-isomer were equal, whereas the (-)-form had only weak effects. In halothane/adrenalin-induced arrhythmias the antidisrhythmic effect of racemic propranolol was the same as that of its (-)-isomer, whereas its (+)-isomer was nearly 10 times less active. These results support the view that in the former case potentiating of the antidisrhythmic effects was connected to the membrane-stabilizing properties of the (R)-(+)-isomer while in the latter case the activity might possibly be based on the inhibition of adrenergic hyperactivity.
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The (S)-(−)-isomer of propranolol, a well-established β-blocker (Figure 6) , is 60 to 100 times more active than the (R)-(+)-form [63] [64] [65] . The importance of suitable steric configuration for the β-adrenolytic activity is corroborated also by the experimental finding that N-(3-naphthyloxypropyl)-N-propan-2-ylamine containing no stereogenic centers in its molecule exerts approximately the same activity in isoprenaline-induced tachycardia as the less active isomer of propranolol. Interestingly, different results could be observed depending on the type of arrhythmia. The antiarhythmic antioubain activities of racemic propranolol and its (+)-isomer were equal, whereas the (−)-form had only weak effects. In halothane/adrenalin-induced arrhythmias the antidisrhythmic effect of racemic propranolol was the same as that of its (−)-isomer, whereas its (+)-isomer was nearly 10 times less active. These results support the view that in the former case potentiating of the antidisrhythmic effects was connected to the membrane-stabilizing properties of the (R)-(+)-isomer while in the latter case the activity might possibly be based on the inhibition of adrenergic hyperactivity. Recently, it was shown that racemic propranolol exhibits higher toxicity in rat than both its pure enantiomers. This increase in toxicity can be at least partially based on pharmacokinetic interactions [66, 67] .
Daphnia magna and Pimephales promelas were employed as model organisms for aquatic invertebrates and vertebrates, respectively, in order to assess the toxicity of the respective enantiomers of propranolol [68] . The enantiospecific effects of propranolol on Daphnia magna heart Recently, it was shown that racemic propranolol exhibits higher toxicity in rat than both its pure enantiomers. This increase in toxicity can be at least partially based on pharmacokinetic interactions [66, 67] .
Daphnia magna and Pimephales promelas were employed as model organisms for aquatic invertebrates and vertebrates, respectively, in order to assess the toxicity of the respective enantiomers of propranolol [68] . The enantiospecific effects of propranolol on Daphnia magna heart rate were determined as well. High-performance liquid chromatography -mass spectrometry (HPLC/MS) was used to establish propranolol treatment levels. In all cases the treatment provided similar acute responses. In terms of chronic toxicity, (S)-propranolol was more toxic than its (R)-isomer in Pimephales promelas but not in Daphnia magna This might be due to lack of β-type receptors in cladocerans. In regard to acute responses, no enantiospecific activity on daphnid heart rate was encountered. Nadolol Nadolol incorporates in its molecule tetrahydronaphthalene scaffold with three stereogenic centers ( Figure 7 ). It contains two hydroxyl groups in (Z)-configuration, their absolute configurations being (2R) and (3S), respectively, and a hydroxyl group in the side-chain in (´2RS)-configuration. It is applied as a mixture of four stereoisomers (two diastereomers each forming a pair of enantiomers). One of the racemates contains the most active isomer (RSR) along with its corresponding enantiomer (SRS). As regards the clinical application of nadolol, the most advantageous option seems to be the application of the enantiomerically pure (RSR) isomer [69] [70] [71] .
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Nadolol Nadolol incorporates in its molecule tetrahydronaphthalene scaffold with three stereogenic centers ( Figure 7 ). It contains two hydroxyl groups in (Z)-configuration, their absolute configurations being (2R) and (3S), respectively, and a hydroxyl group in the side-chain in (´2RS)-configuration. It is applied as a mixture of four stereoisomers (two diastereomers each forming a pair of enantiomers). One of the racemates contains the most active isomer (RSR) along with its corresponding enantiomer (SRS). As regards the clinical application of nadolol, the most advantageous option seems to be the application of the enantiomerically pure (RSR) isomer [69] [70] [71] . 
Bunolol
This non-selective β-blocker without intrinsic sympathomimetic activity and with mild local anesthetic effect is three times more active than propranolol [72, 73] . It is used in the clinic in its enantiomerically pure form as levobunolol, in the therapy of hypertension, angina pectoris and especially in glaucoma [74] . The structure of bunolol is depicted in Figure 8 . 
Heterocyclic Derivatives
The substitution of the carbocyclic aromate for a heterocycle does not lead to significant changes in β-adrenolytic activity.
Timolol
Timolol (Figure 9 ) is a heterocyclic β-blocker applied in the clinic as pure (S)-isomer, which is approximately 54 times more active than its (R)-antipode [75, 76] . The utilization of the (S)-(−)-enantiomer can lead to undesirable effects, such as bradycardia, hypotension, bronchospasms, even 
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Timolol Timolol ( Figure 9 ) is a heterocyclic β-blocker applied in the clinic as pure (S)-isomer, which is approximately 54 times more active than its (R)-antipode [75, 76] . The utilization of the (S)-(-)-enantiomer can lead to undesirable effects, such as bradycardia, hypotension, bronchospasms, even to exitus. Thus, the use of the less active and at the same time less toxic (R)-(+)-isomer for this indication might be of advantage. Carvedilol Carvedilol ( Figure 10 ) is a non-selective β-blocker with additional α1-blocking activity and antioxidative effect. It contains carbazole core in the lipophilic part of the molecule and 2-ethoxyphenylethoxy moiety connected to the basic nitrogen in the hydrophilic part. It finds application in its racemic form in the therapy of congestive heart failure as an antihypertensive. Its respective enantiomers exhibit different but complementary activities. While the (S)-enantiomer blocks α-and β-adrenergic receptors, the (R)-form is a pure α1-antagonist. The racemate does not markedly lower the heart rate, whereas the (R)-carvedilol causes even its slight increase [77] . Carvedilol Carvedilol ( Figure 10 ) is a non-selective β-blocker with additional α 1 -blocking activity and antioxidative effect. It contains carbazole core in the lipophilic part of the molecule and 2-ethoxyphenylethoxy moiety connected to the basic nitrogen in the hydrophilic part. It finds application in its racemic form in the therapy of congestive heart failure as an antihypertensive. Its respective enantiomers exhibit different but complementary activities. While the (S)-enantiomer blocks α-and β-adrenergic receptors, the (R)-form is a pure α 1 -antagonist. The racemate does not markedly lower the heart rate, whereas the (R)-carvedilol causes even its slight increase [77] .
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Nebivolol
The structure of nebivolol differs considerably from those of the other β-blockers ( Figure 11 ). The aromatic ring is not attached to the aminopropanol moiety through etheric oxygen but the oxygen atom is incorporated in the fluorochromane scaffold linked to bisaminoethanol. The molecule of nebivolol contains four stereogenic centers, which should theoretically lead to 16 stereoisomers. In reality, the number of stereoisomers is smaller (10) due to the symmetry of the molecule [78] . 
The structure of nebivolol differs considerably from those of the other β-blockers (Figure 11 ). The aromatic ring is not attached to the aminopropanol moiety through etheric oxygen but the oxygen atom is incorporated in the fluorochromane scaffold linked to bisaminoethanol. The molecule of nebivolol contains four stereogenic centers, which should theoretically lead to 16 stereoisomers. In reality, the number of stereoisomers is smaller (10) due to the symmetry of the molecule [78] .
blocks α-and β-adrenergic receptors, the (R)-form is a pure α1-antagonist. The racemate does not markedly lower the heart rate, whereas the (R)-carvedilol causes even its slight increase [77] . 
(+)-Nebivolol with (SRRR) configuration exhibits β1-blocking activity. (−)-Nebivolol (RSSS) has vasodilatory effect based on the activation of endothelial NO synthase. Racemic (±)-nebivolol as well as its (+)-enantiomer have 200 times higher activity towards β1-receptors than (−)-nebivolol, leading to selective β-blockage [79] [80] [81] [82] . 
Pharmacokinetics of Chiral β-Blockers
In addition to their pharmacological properties, many β-blockers differ also in their pharmacokinetics [83] . In a number of cases, the influence of chirality of particular β-blockers on their pharmacokinetic behavior (resorption, distribution, and metabolism) has been investigated.
Resorption
β-blockers are resorbed from gastrointestinal tract by passive diffusion, which is not stereospecific. Some β-blockers, however, undergo intestinal secretion, a process possibly showing some stereoselectivity (e.g., talinolol). Lipophilic β-blockers (pindolol, timolol, metoprolol, oxprenolol, alprenolol, and propranolol) are subject to rapid even if relatively non-uniform resorption. Their concentrations in blood plasma show 10-to 20-fold differences in different patients given the same dose. Of course, these differences can be at least partly accounted for also by the first-pass effect. Hydrophilic β-blockers (sotalol, atenolol, nadolol, and practolol) are resorbed by the gastrointestinal tract only incompletely [84, 85] .
Distribution
β-blockers bind to albumins of blood plasma and to α 1 -glycoprotein. Since proteins are generally chiral, as a result of the chirality of their building blocks, the binding of enantiomerically pure β-blockers should be stereospecific. Acebutolol, pindolol, and sotalol show relatively high level of free fraction in plasma. Propranolol was found to exhibit stereospecific binding to proteins as well. It could be established that its binding to human serum albumin differs from the binding to α 1 -glycoprotein (it is higher in the latter case). Age and gender of the test persons had no influence on binding to plasma proteins [86, 87] .
The tissue distribution of propranolol and pindolol was investigated in animal experiment. Dependence of the stereospecific binding to plasma proteins on concentrations of the enantiomers of β-blockers in various tissues could be established. Resorption by tissues seems to be stereospecifically independent. Stereospecificity in the distribution of the respective pharmacon by erythrocytes could be postulated as well [88, 89] . Hydrophilic (atenolol) as well as lipophilic (propranolol) β-blockers are stored and excreted from the endings of the sympathicus. Lipophilic β-blockers are resorbed by passive diffusion, which is not stereospecific [90] .
Metabolism
Different enantiomers undergo different transformations in the course of metabolic processes. This can result in the accumulation of the inactive enantiomer, rapid elimination of the active enantiomer, or vice versa. The respective enantiomers of the same β-blockers also activate or inhibit stereoselectively enzymes of the cytochrome P-450 complex. At present, we recognize several isoforms of this cytochrome (e.g., CYP2D6, CYP3A4), which are susceptible to activation or inhibition. β-blockers are degraded by these isozymes and their metabolism can be affected by other substances [91, 92] .
Propranolol and other lipophilic β-blockers are metabolized in the liver. Hydrophilic β-blockers (atenolol and sotalol) are excreted via kidneys, in unchanged form or as active metabolites. This is beneficial especially in patients with impaired liver function.
β-blockers with equilibrium clearance (e.g., bisoprolol and pindolol) have a low first-pass metabolism, high bioavailability following oral uptake, and are excreted evenly by kidney as well as by liver [93] .
Propranolol is metabolized via three main pathways: glucuronidation, hydroxylation of the aromatic ring, and oxidation of the side chain. Upon investigation, eleven metabolites could be identified; approximately 1% was eliminated unchanged. Structures of selected metabolites are given in Figure 12 . Hydroxylation of the naphthalene ring in (R)-(+)-propranolol proceeds stereospecifically in positions 4 and 5. The hydroxy derivative of (S)-(-)-propranolol preferentially forms conjugates with glucuronic acid while its optical antipode yields sulfates. Oxidative degradation of the side-chain leads to carboxylic acids (from 1-naphthyloxybutanoic acid to naphthyloxyacetic acid)-a characteristic degradation pathway found in many other aryloxyaminopropanols [94, 95] .
Metabolism of propranolol is influenced by genetic polymorphism of the isozymes of cytochrome P-450, especially CYP1A (mephenytoin hydroxylation) and CYP2D6 (debrisoquine hydroxylation). In vitro and in vivo studies revealed that N-desalkylation of propranolol is catabolyzed by cytochrome subgroup CYP1A and hydroxylation of the naphthalene ring by cytochrome CYP2D6 subgroup. Both metabolic pathways for propranolol are insufficient in slow metabolizers of debrisoquine and mephenytoin (affecting 0.4% of the population). At low concentrations of the substrate the (R)-(+)-enantiomer is metabolized preferentially. The (S)-(-)-isomer of propranolol is metabolized first at higher concentrations. This is due to saturation of first-pass metabolism, especially for (R)-(+)-propranolol. Further investigations are needed to clarify the consequences of this fact for the clinic [95] .
As suggested by several studies, some drugs suppress the metabolism of propranolol, in particular of its (R)-(+)-enantiomer. Calcium channel blockers (nicardipine, verapamil, diltiazem) suppress the first-pass metabolism of both enantiomers of propranolol, with a preference for the (R)-(+)-isomer. In a similar way, cimetidine (an antagonist of H2-receptors) reduces clearance of (R)-(+)-propranolol [96] . Quinidine, a selective inhibitor of CYP2D6, diminishes hydroxylation of the aromatic part of propranolol, especially of its (R)-(+)-isomer [97, 98] .
Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 21 in positions 4 and 5. The hydroxy derivative of (S)-(−)-propranolol preferentially forms conjugates with glucuronic acid while its optical antipode yields sulfates. Oxidative degradation of the sidechain leads to carboxylic acids (from 1-naphthyloxybutanoic acid to naphthyloxyacetic acid)-a characteristic degradation pathway found in many other aryloxyaminopropanols [94, 95] . Metabolism of propranolol is influenced by genetic polymorphism of the isozymes of cytochrome P-450, especially CYP1A (mephenytoin hydroxylation) and CYP2D6 (debrisoquine hydroxylation). In vitro and in vivo studies revealed that N-desalkylation of propranolol is catabolyzed by cytochrome subgroup CYP1A and hydroxylation of the naphthalene ring by cytochrome CYP2D6 subgroup. Both metabolic pathways for propranolol are insufficient in slow metabolizers of debrisoquine and mephenytoin (affecting 0.4% of the population). At low concentrations of the substrate the (R)-(+)-enantiomer is metabolized preferentially. The (S)-(−)-isomer of propranolol is metabolized first at higher concentrations. This is due to saturation of firstpass metabolism, especially for (R)-(+)-propranolol. Further investigations are needed to clarify the consequences of this fact for the clinic [95] . Clearance of propranolol was found to be 63% higher in men than in women. The reason for this is the rapid metabolizing of the side-chain and glucuronidation during the first pass through the liver in men [99] .
Metoprolol is also metabolized in the liver by cytochrome CYP2D6, involving oxidation and α-hydroxylation of benzyl (10%). This pathway is stereospecific for (S)-(-)-metoprolol. O-demethylation and oxidation to carboxylic acids represent the main metabolic routes, particularly for (R)-(+)-metoprolol (65%), and are inhibited by verapamil. The third metabolic pathway involves N-desalkylation (<10%) [100] .
α-Hydroxymetoprolol possesses only one tenth of the activity of metoprolol. However, the hydroxylation of benzyl leads to formation of a new stereogenic center. Studies in vitro and in vivo revealed preferred formation of the (1'R)-configuration [101] .
Due to genetic polymorphism, the concentration of racemic propranolol after the administration was 6 times higher in slow metabolizers of debrisoquine as compared to normal metabolizers. Moreover, drugs inhibiting cytochrome CYP2D6, such as chloroquine and halofantrine (antimalarials), propafenone (an antidysrhythmic), as well as inhibitors of selective reuptake of serotonin, decrease the clearance of metoprolol. Investigations in healthy persons showed that co-administration of metoprolol and paroxetin leads to marked increase in bioavailability, plasma levels, and biological half-life of metoprolol. At the same time, higher concentration of (R)-metoprolol was observed. Cimetidine markedly improves the bioavailability of metoprolol, approx. one third of this increase being attributable to the (S)-enantiomer and the remainder to the (R)-isomer. Thus, it should not come as a surprise that it is difficult to observe this interaction in the clinic. The antituberculotic rifampicin (an activator of microsomal enzymes), on the other hand, lowers the bioavailability of metoprolol [102] [103] [104] .
Peřinová et al. [105] reported a method for determination of metoprolol and α-hydroxymetoprolol in human serum. The method is aimed at the evaluation of the enzyme phenotype of CYP2D6 with metoprolol as substrate. A survey of different methods for determination of metoprolol along with its metabolite α-hydroxymetoprolol is presented in the report. The respective stereoisomers of metoprolol were determined in plasma by stereoselective HPLC combined with tandem mass spectrometry. Chiral column Chirobiotic T with methanol/acetic acid/ammonia 100/0.15/0.15 v/v/v as the mobile phase was employed. Ion trap in combination with ESI ion source in positive ion mode was used for MS detection. The structures of selected metabolites of metoprolol are depicted in Figure 13 . Carvedilol is metabolized mainly by CYP2D6, a small part also by cytochrome CYP3A4. Thus, its biological half-life will be prolonged in patients with impaired liver function. (S)-carvedilol is metabolized by CYP2D6 and its (R)-antipode by CYP2D9 [106] . In slow metabolizers of carvedilol only the metabolism of the (R)-(+)-isomer is inhibited, leading to marked increase in α1-adrenolytic activity, while the β-adrenolytic activity remains unaffected. The particular metabolism of carvedilol could contribute to its long-term β-blocking activity [106] . It was reported [77] that in patients with chronic heart failure the plasma levels of carvedilol and its enantiomers were elevated in equilibrium state.
Hanioka et al. [107] described the stereoselective glucuronidation of carvedilol by UDPglucuronosyltransferase in liver and in intestinal microsomes using racemic carvedilol and its enantiomers, respectively. As with other β-blockers, chiral HPLC was employed in the studies of pharmacokinetics of carvedilol. Graff [108] reports an increase in bioavailability and biological halflife of (R)-(+)-carvedilol upon combination with fluoxetine (an antidepressant).
With the exception of metoprolol, carvedilol, and propranolol, the influence of stereochemical configuration on the pharmacokinetics of β-blockers is only moderate. With acebutolol, higher plasma levels were attained with its (S)-(−)-enantiomer, probably as a result of first-pass metabolism of (R)-(+)-enantiomer [109] .
Bisoprolol reaches bioavailability of around 90%, due to its relatively minor first-pass effect. It is metabolized by cytochromes. Metabolization by CYP2D6 is stereoselective in favor of the (R)- Carvedilol is metabolized mainly by CYP2D6, a small part also by cytochrome CYP3A4. Thus, its biological half-life will be prolonged in patients with impaired liver function. (S)-carvedilol is metabolized by CYP2D6 and its (R)-antipode by CYP2D9 [106] . In slow metabolizers of carvedilol only the metabolism of the (R)-(+)-isomer is inhibited, leading to marked increase in α 1 -adrenolytic activity, while the β-adrenolytic activity remains unaffected. The particular metabolism of carvedilol could contribute to its long-term β-blocking activity [106] . It was reported [77] that in patients with chronic heart failure the plasma levels of carvedilol and its enantiomers were elevated in equilibrium state.
Hanioka et al. [107] described the stereoselective glucuronidation of carvedilol by UDP-glucuronosyltransferase in liver and in intestinal microsomes using racemic carvedilol and its enantiomers, respectively. As with other β-blockers, chiral HPLC was employed in the studies of pharmacokinetics of carvedilol. Graff [108] reports an increase in bioavailability and biological half-life of (R)-(+)-carvedilol upon combination with fluoxetine (an antidepressant).
With the exception of metoprolol, carvedilol, and propranolol, the influence of stereochemical configuration on the pharmacokinetics of β-blockers is only moderate. With acebutolol, higher plasma levels were attained with its (S)-(-)-enantiomer, probably as a result of first-pass metabolism of (R)-(+)-enantiomer [109] .
Bisoprolol reaches bioavailability of around 90%, due to its relatively minor first-pass effect. It is metabolized by cytochromes. Metabolization by CYP2D6 is stereoselective in favor of the (R)-enantiomer, whereas the metabolization by CYP3A4 is not stereoselective [110, 111] . As shown by Kirsch [112] , rifampicin (an activator of CYP3A4) produces a 30% reduction in biological half-life of bisoprolol while cimetidine effects no significant changes in the pharmacokinetics of bisoprolol.
Timolol is for the greater part metabolized, approx. 20% of it, however, is eliminated unaltered. Besides the main metabolites formed by opening of the morpholine ring, oxidation of one of the methyl groups in the aminopropanol moiety takes place as well, yielding hydroxytimolol. Deamination and oxidation leads to derivatives of thiadiazolyloxoacetic acid. In vitro studies confirmed that timolol is metabolized mainly by CYP2D6 while CYP2C19 plays only minor role [113] [114] [115] .
The main part of metipranolol is metabolized by desacetylation to desacetylmetipranolol during the first pass through the liver. This metabolite can be further oxidized to yield derivatives of butyric acid [116] [117] [118] .
Atenolol is metabolized to a glucuronid. The oxidative hydroxylation of the methylene in the carbamoyl-methyl group provides hydroxyatenolol, which possesses approx. one tenth of the activity of atenolol [119, 120] .
In comparison with the structure of metoprolol, betaxolol contains a cyclopropylalkyl group in position 4 of the phenol moiety, which gives rise to a slowdown of liver metabolism of this drug. Thus, betaxolol exhibits 6 times slower metabolism, twice higher bioavailability, and a prolongated biological half-life (16-22 h) , as compared to metoprolol [121] .
As reported by Beresford, betaxolol is metabolized in rats as well as in humans in a way similar to metoprolol, except that the cleavage of the cyclopropylmethyl group is slower. Merely 15% of betaxolol is subject to first pass metabolism [122] .
The ester group present in the structure of esmolol undergoes rapid hydrolysis in blood, leading to quick onset of the pharmacological effect as well as its rapid abatement. Its metabolite, 3-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy]phenyl}propionic acid, has 400 times lower activity toward β 1 -receptors than esmolol [123] .
Bopindolol acts as a prodrug, initially undergoing hydrolysis in the organism to provide the active form. In comparison with pindolol, which is excreted partly unaltered, partly as glucuronide and sulfate, the pharmacological effect of bopindolol sets on later but lasts longer [123, 124] .
Labetolol contains two stereogenic centers and forms four stereoisomers. Its (RR)-isomer exhibits activity towards β-receptors while the (SR)-isomer is an α-blocker. A minor part of the drug is excreted from organism in unchanged form, even though the main part is metabolized. The main metabolites are glucuronides, particularly alcohol glucuronides. Labetalol was titrated to male and female patients in order to achieve antihypertensive effect. The parameters were adjusted in accord with the dose. The fraction of the administered drug achieved in the biophase was 80% higher in women, even if the antihypertensive effect remained the same. This observation can be explained by differences in the concentrations of the α-blocking (SR)-isomer and the relatively inactive (SS)-and (SR)-isomers (60%-80% higher in women) [125, 126] .
Carvalho et al. reported stereoselectivity in the pharmacokinetics of labetalol after its oral administration, as a consequence of liver and first-pass metabolism. Lower levels of the (RR)-and (SR)-enantiomers in blood plasma were confirmed by means of HPLC on a Chirobiotic V chiral columns and mobile phase consisting of methanol/acetic acid/diethylamine [127] .
Bufuralol, another β-blocker of the aryloxyaminoethanol type, is metabolized on the basis of debrisoquin polymorphism. It reaches higher levels of the (S)-(-)-enantiomer in slow metabolizers. While the main metabolic pathway for (R)-(-)-bufuralol is aromatic hydroxylation, the (S)-(+)-bufuralol is metabolized predominantly by conjugation [128] . Both enantiomers undergo aliphatic hydroxylation, leading to the formation of two active diastereomers -alcohol and ketone, from (1'S)-bufuralol.
The metabolites of (1'R)-bufuralol exert minimum or no activity. It could be shown that the (1'R)-enantiomer is hydroxylated thrice as much as the opposite enantiomer, yielding in both cases preferentially the product with 1"R chiral center [129, 130] .
Nebivolol is classified as a third-generation β-blocker, employed chiefly in the therapy of hypertension and heart failure. It has four stereogenic centers and forms 32 stereoisomers. It binds predominantly to albumin and undergoes extensive first-pass metabolism via the cytochrome P4502D6 enzyme complex. It is mainly metabolized by aromatic hydroxylation, glucuronidation, and acyclic hydroxylation; to a lesser degree also by N-dealkylation [131, 132] .
Renal Excretion
Impairment of the renal function can lead to accumulation in blood plasma of both enantiomers of β-blockers which are excreted to a large extent in unaltered state. These are mainly hydrophilic β-blockers such as atenolol, nadolol, and sotalol.
In comparison with metabolic transformations, the stereospecificity of renal excretion is low. This low degree of stereospecificity is probably based on active excretion and reuptake. Moderate stereospecificity of renal excretion in favour of (R)-(+)-metoprolol has no effect on its plasma levels, since it represents only a minor elimination pathway from plasma for this drug. Atenolol and pindolol exhibit increased concentration of the less active (R)-(+)-enantiomer due to stereospecific excretion of the (S)-(-)-isomer in urine.
The renal clearance of pindolol is affected also by co-administration of cimetidine, as cimetidine not only inhibits metabolism of some β-blockers (metoprolol, propranolol) but inhibits tubular excretion of a number of organic cations as well. (R)-(+)-pindolol, in particular, exhibits a 10% increase in plasma concentration as compared with the (S)-(-)-enantiomer. However, these findings regarding atenolol and pindolol are only of limited clinical significance [89] .
Stereoselective Analytical Methods in the Study of Pharmacokinetics of β-Blockers
Stereoselective analytical methods for determination of the respective enantiomers in biological materials, especially in urine and plasma, are indispensable for the evaluation of pharmacokinetics and metabolism of β-blockers. At present, modern analytical techniques such as liquid chromatography with mass detection (LC-MS, LC-MS/MS) are used. Enantioseparation is carried out by means of chiral chromatographic stationary phases. In the case of β-blockers, chiral stationary phases based on macrocyclic antibiotics (teicoplanin and vancomycin) are often employed. Teicoplanin-based chiral phase (Chirobiotic T) was applied successfully in the analysis of enantiomers of metoprolol. Ion trap with electrospray (ESI) ionization in positive mode was used for the MS ion detection [133] .
Chiral stationary phase Chirobiotic T and polar mobile phase (methanol/acetic acid/triethylamine) were employed in the pharmacokinetic studies of carvedilol [134] and acebutolol [135] . Chiral stationary phase containing vancomycin (Chirobiotic V) demonstrated efficiency in enantioseparation of atenolol, labetalol, and nebivolol [127, 136, 137] .
Stereoselective analysis of acebutolol and its active metabolite diacetol in human plasma was accomplished by means of HPLC on a chiral phase containing cellobiohydrolase, in combination with quadrupole tandem mass spectrometry as the detector [138] .
Other frequently used chiral phases employed in stereoselective bioanalyses of β-blockers encompass especially the polysaccharide-based stationary phases containing derivatives of cellulose and amylose [139, 140] .
Conclusions
This survey deals with β-blockers of the arylaminoethanol type (sotalol, labetalol, bufuralol) and of the aryloxyaminopropanol type (penbutolol, betaxolol, esmolol, propranolol, betaxolol, timolol, carvedilol, nebivolol, and others). It outlines their different pharmacodynamic and pharmacokinetic properties as related to their stereochemical characteristics.
In both categories of β-blockers higher activity towards β-receptors was observed in their (-)-isomers. These have the absolute configuration (R) in arylaminoethanols and (S) in aryloxyaminopropanols. Attempts to apply some β-blockers from the former category as pure enantiomers have not been successful. Thus, (R)-(-)-sotalol had to be removed from clinical practice because of increased mortality. In addition, (R,R)-(-)-labetalol (dilevalol; a non-selective β-blocker/selective α1-blocker) was discontinued due to the observed hepatotoxicity.
Aryloxyaminopropanols generally exert higher β-blocking activity in comparison with the former category. Several drugs from this group have found their way into clinical practice as optically pure enantiomers, such as the (S)-(-)-enantiomers of penbutolol (Betapressin ® ), levobunolol (Vistigan ® ), timolol (Dispatim ® ), and atenolol (Atpure ® ) used in the therapy of hypertension, as well as (S)-(-)-bunolol (levobunolol; Betagan ® ) and (S)-(-)-betaxolol (levobetaxolol; Betagan ® ) applied in the treatment of glaucoma.
The distinct pharmacokinetic phases (resorption, distribution, and metabolism) of particular β-blockers have been investigated; nevertheless, in most cases the available experimental data concerning the differences in their activity in dependence on the specific stereochemical configuration of the enantiomers is insufficient. Thus, there is still much research to be done on the β-blockers already established in the clinical practice, which could lead to introduction of optically pure enantiomers of these drugs instead of racemic mixtures, with improved activity and/or toxicity profile (so-called "chiral switch").
